Polymorphisms in the gene coding for the adhesion G-protein coupled receptor LPHN3 are a risk factor for attention-deficit/hyperactivity disorder (ADHD). Transient down-regulation of latrophilin3.1 (lphn3.1), the zebrafish LPHN3 homologue, causes hyperactivity. Zebrafish injected with a lphn3.1-specific morpholino are hyperactive and display an impairment in dopaminergic neuron development. In the present study we used lphn3.1 morphants to further characterize the changes to dopaminergic signaling that trigger hyperactivity. We applied dopamine agonists (Apomorphine, Quinpirole, SKF-38393) and antagonists (Haloperidol, Eticlopride, SCH-23390) to Lphn3.1 morpholino-injected or control-injected animals. The percentage of change in locomotor activity was then determined at three different time periods (10-20 min, 30-40 min and 60-70 min). Our results show that drugs targeting dopamine receptors appear to elicit similar effects on locomotion in zebrafish larvae and mammals. In addition, we observed that lphn3.1 morphants have an overall hyposensitivity to dopamine agonists and antagonists compared to control fish. These results are compatible with a model whereby dopaminergic neurotransmission is saturated in lphn3.1 morphants.
Introduction
ADHD (ADHD; MIM#143465) is a common, early onset and enduring neuropsychiatric disorder characterized by developmentally inappropriate inattention, hyperactivity and impulsivity as well as motivational dysregulation. ADHD has a complex etiology caused by a combination of environmental and genetic factors (Biederman, 2005) . Genetic, imaging and pharmacological data suggest an impairment of dopaminergic (DA) neurotransmission in ADHD patients (Del Campo et al., 2011) . However, the neurobiological basis of the disease is not fully understood and the precise role of DA in ADHD remains unclear.
The ADHD-risk gene Latrophilin 3 (LPHN3; recently renamed Adhesion G protein-coupled receptor L3 (ADGRL3)) was identified by linkage analysis followed by fine mapping of human patients (Arcos-Burgos et al., 2010; Domené et al., 2011; Martinez et al., 2016) . A polymorphism in LPHN3 has been found to predict the efficacy of ADHD treatment drugs (Arcos-Burgos et al., 2010; Labbe et al., 2012) and the LPHN3 risk haplotype alters cognitive control in human patients (Fallgatter et al., 2013) . LPHN3 is an adhesion G protein-coupled receptor that mediates α-latrotoxin-stimulated neurotransmitter release from presynaptic vesicles . The endogenous function of LPHN3 and its related family members LPHN1 and LPHN2 are not well understood. Recent studies have identified families of ligands for LPHN3: the Teneurin-2 splice variant Lasso, the Fibronectin leucinerich repeat transmembrane proteins (FLRTs) and the Neurexins (NRXN) (Lu et al., 2015; O'Sullivan et al., 2012; O'Sullivan, Martini, Daake, Comoletti, & Ghosh, 2014) . For example, trans-synaptic complexes formed between Lasso and LPHN1 are capable of increasing presynaptic Ca 2+ and modulating neurotransmitter release (Langenhan et al., 2009) . FLRT3 and LPHN3 act as a ligand-receptor pair to regulate the development and function of glutamatergic synapses (O'Sullivan et al., 2012 (O'Sullivan et al., , 2014 Ranaivoson et al., 2015) . In addition to the crucial role of Latrophilins at the synapse, the Caenorhabditis elegans LPHN1 ortholog LAT-1 is involved in embryonic morphogenesis (Langenhan et al., 2009) . The structural conservation of Latrophilins across species makes it likely that these proteins have a conserved function.
In a previous study we reported that transient down-regulation of lphn3.1, one of two zebrafish LPHN3 orthologs, induces ADHD-like locomotor endophenotypes including hyperactivity and motor impulsivity. The hyperactivity of lphn3.1 morphants (Lphn3-MO, compared to controls, Lphn3-CO) was rescued by applying the ADHD treatment drugs methylphenidate and atomoxetine. We also demonstrated a role for lphn3.1 in the development of DA neurons. lphn3.1 morphants displayed a reduction and displacement of DA neurons in the ventral diencephalon (Lange et al., 2012) . The hyperactivity of lphn3.1 morphants was recently confirmed in an independent study (Reuter et al., 2016) . Furthermore, knockout of Lphn3 in mouse induced hyperactivity, increased DA and 5-HT in the striatum, changed DA and 5-HT receptor expression and increased locomotor sensitivity to cocaine (Wallis et al., 2012) . Transcriptomic analysis of Lphn3 null mice identified differential expression of genes coding for calcium signaling proteins and cell adhesion molecules consistent with the hyperactivity (Orsini et al., 2016) . There was also an overexpression of Slc6a3 (Dat, coding for the DA transporter) in the striatum. This area of the brain is critical for motor control and reward, two DA-dependent behaviors which are perturbed in ADHD patients (Bush, 2010) . Whilst these studies highlight links between Lphn3 and DA neuron development, alterations to DA neurotransmission and its consequences on behavior have not been studied in detail.
DA receptors belong to a large family of postsynaptic G proteincoupled receptors. Stimulation of D1-like receptors (D1 and D5 in humans) activates adenylyl cyclase (AC) and leads to cyclic adenosine monophosphate (cAMP) production and activation of protein kinase A (PKA) (Enjalbert and Bockaert, 1983; Kebabian and Calne, 1979; Kebabian and Greengard, 1971) . In contrast, activation of D2-like receptors (D2, D3 and D4 in humans) either modulates calcium or potassium channels or inhibits PKA and Akt signaling (Beaulieu and Gainetdinov, 2011; Missale et al., 1998) . In mammals, DA is the main regulator of locomotor activity via both D1 and D2 receptors. Activation of D1 receptors has a stimulatory effect on locomotion. Conversely, activation of D2 receptors has a more complex effect due to their widespread expression in several brain regions including both pre-and postsynaptic areas (De Mei et al., 2009) . In rodents, low doses of D2 agonists primarily activate presynaptic receptors, reducing DA release and decreasing locomotion. At high concentrations D2 agonists activate postsynaptic neurons and induce hyperactivity (Beaulieu and Gainetdinov, 2011; Missale et al., 1998) .
DA can also regulate locomotor behavior in zebrafish larvae (Ek et al., 2016; Irons et al., 2013; Lambert et al., 2012; Souza et al., 2011; Thirumalai and Cline, 2008) and D1-and D2-like receptors are expressed in the brain at larval stages (Boehmler et al., 2007 (Boehmler et al., , 2004 Yamamoto et al., 2013) . Endogenous DA is required for the initiation of movement (Thirumalai and Cline, 2008) and, as in mammals, D1-like activation generally increases motor behavior. D2-like activation has the opposite effect and decreases locomotion (Irons et al., 2013; Souza et al., 2011) .
In this study we investigated the effects of several DA receptor agonists and antagonists on locomotion in Lphn3-MO and Lphn3-CO larvae. We tested drugs at several concentrations to reveal dose-dependent changes in control and morphant behavior. To demonstrate the effect of immediate and long-term drug application we also conducted our analysis at three time-windows following drug treatment.
Materials and methods

Animal strains and maintenance
Zebrafish were maintained using standard fish-keeping protocols and in accordance with institutional and national guidelines for animal welfare. Tanks were connected to a continuous water system that exchanged about 10% of the total water each day. The facility was maintained at 28°C with a 14-h day/10 h night light cycle. All experiments were performed on embryos of the AB zebrafish wildtype strain. After collection and injection (see below) eggs were kept in embryo medium in groups of 40 embryos per Petri dish. Fish were grown in a 28.5°C incubator with a 14-h day/10 h night light cycle (lights on at 8 am and off at 10 pm). On day 6, the locomotor behavior of injected larvae was tested between 1 pm and 5 pm, in a room with an ambient temperature of approximately 27°C.
Morpholino injection
We used an lphn3.1 splice morpholino oligonucleotide (MO) to block splicing at the exon2/intron2 boundary of lphn3.1 (sequence ATGTGAGTGTATCTCTGTACCTGAA). A control MO (Lphn3-CO) with 5 bp mismatches was also used (ATcTGAcTGTATgTCTcTACCTcAA; mismatches in lower case) (Lange et al., 2012) . Morpholino oligonucleotides were purchased from GeneTools LLC. AB embryos were injected with either 500 μM Lphn3-MO or Lphn3-CO. RNA was extracted from 20 two day-old embryos using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). To confirm splicing defects, we performed nested RT-PCR using the Superscriptase II kit (Invitrogen). Aberrant splicing was confirmed using the following primers MO1Forward: GTCGAGAG CTGTCGTGTGAG, MO1Reverse1 ATTCGGCCATTGTTCTGTTC. See Lange et al. (2012) for more information about the injection of Lphn3-MO.
Drug treatment and analysis of locomotion
Drugs were freshly prepared on the day of the experiment by dissolving them in embryo medium. All drugs were purchased from Sigma-Aldrich (St. Louis, MO, USA) and included a non-specific dopamine receptor agonist, apomorphine hydrochloride hemi-hydrate (Apo, A493); a D1-like receptor agonist, SKF-38393 (SKF, S101); a D2-like receptor agonist, quinpirole (Qui, Q111); a non-specific dopamine receptor antagonist, haloperidol (Halo, H1512); a D1-like receptor antagonist, eticlopride (Etic, E101); and a D2-like receptor antagonist, SCH-23390 (SCH; D054). Haloperidol was dissolved in 0.4% dimethyl sulfoxide (DMSO) and further diluted in embryo medium. There is almost no information available regarding effective doses for these drugs in larval zebrafish (Ek et al., 2016) . We therefore conducted preliminary experiments to determine the lowest concentration of drug that affected locomotion and the highest concentration that we could use before we observed toxicity after 70 min of exposure (data not shown). We then chose several concentrations to use in our experiments.
Locomotor activity was recorded using ZebraLab software (Videotrack; ViewPoint Life Sciences, France). We first tested the locomotion of 6 days post fertilization (dpf) larvae for 10 min without drug treatment. Larvae were placed into separate wells of a 24-well plate inside a ZebraBox (ViewPoint Life Sciences, France). Fry were allowed to habituate to the plate without drug for one hour before the first 10-min recording started. Larvae were then transferred into the plate containing drugs and locomotion was recorded between 10-20 min, 30-40 min and 60-70 min. Each time point and concentration was repeated in three independent experiments.
Data analysis
Untreated larvae showed a spontaneous decrease in locomotion by 30-40 min (mean Lphn3-MO1 = −14.5% and mean Lphn3-CO = −4.5%) and 60-70 min (mean Lphn3-MO = −24.5% and mean Lphn3-CO = −17.6%) in the ZebraBox (Fig. 1 ). To account for the habituation observed without drug treatment we applied a correction to the distance swum after treatment. We calculated a habituation coefficient, defined as the absolute value of the mean percentage of change in locomotion during the recording period in the absence of any treatment (see Results paragraph 1 and Supp. Table1 for examples of calculations in Lphn3-CO larvae). Next, for each drug concentration, the mean distance swum recorded for an individual fry was adjusted using the habituation coefficient at each necessary time point using the following formula: After calculation of the adjusted distance swum after treatment, the percentage of change in activity was determined for individual fish as follows:
Distance before treatment 100
The distance swum before treatment was recorded for 10 min before drugs were applied to the fry. An example calculation (adjustment of the distance swum after treatment, followed by determination of the percentage of change in activity), is provided in Sup. Table 2 . As a further example, Sup. Table 3 provides all values for all control animals treated with 10 μM apomorphine. The significance of all comparisons was established using a two-way repeated measures ANOVA with the percentage of change in activity after treatment as the dependent variable and with drug treatment and time point as the independent variables. The Bonferroni post-hoc test was then applied to compare the percentage of change in activity after treatment between Lphn3-MO and Lphn3-CO. Significance was set to p ≤ 0.05 after Bonferroni correction. Two-way ANOVAs were performed on the raw data (i.e on the distance travelled). All ANOVAs and supplementary graphs were performed using Prism5 (Graphpad Software, Inc.). For figures to compare the habituation coefficient between Lphn3-MO and Lphn3-CO we used a t-test. Statistical significance was depicted as follows: *p < 0.05, **p < 0.01, ***p < 0.001. In all cases the number of animals tested is denoted by n.
Results
Determination of the habituation coefficient
Zebrafish larvae have already been observed to habituate to environmental stimuli (Burgess and Granato, 2007) . We first tested whether the locomotion of each group of larvae was stable in our setup for the entire 70 min duration of the experiment. After an initial measurement of locomotion, 6 dpf larvae were gently transferred into a 24well plate without addition of drug. The plates were then placed into the ZebraBox and the mean distance swum recorded at 10-20 min, 30-40 min and 60-70 min. The percentage of change in activity was calculated at each time point compared to the initial measurement. No change in locomotion was observed at 10-20 min for either genotype (not shown). However, we observed that 6 dpf Lphn3-CO and Lphn3-MO larvae spontaneously decreased their locomotion by 30-40 min (mean Lphn3-MO1 = −14.5% and mean Lphn3-CO = −4.5%) ( Fig. 1 ). This habituation phenomenon increased over time (at 60-70 min, mean Lphn3-MO = −24.5% and mean Lphn3-CO = −17.6%). At both time points the morphants showed a greater level of habituation than Lphn3-CO controls (30-40 min: Lphn3-MO vs Lphn3-CO p = 0.02; 60-70 min Lphn3-MO vs Lphn3-CO p = 0.1). Likewise, non-injected fry exhibited habituation at 30-40 min and 60-70 min (Fig. 1) ; accordingly, the habituation was a general characteristic of locomotion not induced by the injection. We established a habituation coefficient for each time point and each treatment group (see Supp. Table 1 for examples on Lphn3-CO larvae). This was defined as the absolute value of the mean percentage of habituation for the recording period (30-40 min: Lphn3-MO = 0.145 and Lphn3-CO = 0.045; 60-70 min Lphn3-MO = 0.245 and Lphn3-CO = 0.176). In all subsequent experiments, we adjusted the distance swum after drug treatment, at 30-40 mn and 60-70 mn, using the habituation coefficient. The adjusted value was then used to determine the percentage of change in activity for individual zebrafish, and finally the mean change in activity of the different treated population was plotted (Sup. 3.2. The effects of DA receptor agonists on locomotion is more moderate in Lphn3.1 morphants than in control larvae
Non-selective DA receptor agonists
To quantify the effect of different drugs on locomotion we recorded the change of activity after treatment. For each drug, time and genotype we plotted the percentage of change in activity after treatment ( Fig. 2A ,C,E). We also generated behavioral barcodes for each concentration of drug tested in each recording window to more visually represent the effect of a drug on both control and morphant larvae ( Fig. 2B ,D,F). All the mean distances travelled by the different treated groups (following adjustment for habituation for the time windows 30-40mn and 60-70mn) are indicated in Sup table 4.
We found that Apomorphine (Apo), a non-selective DA agonist, induced an inverted U shape dose-dependent early effect (10-20 minperiod) in controls, with a decrease in the percentage of activity at low (10 μM and 32.5 μM) and high (100 μM and 150 μM) doses. Intermediate doses (65 μM) increased activity by 25.49 ± 15.8% (SEM) ( Fig. 2A,B ). After longer application times, Apo had a tendency to decrease the percentage of activity in a moderate, dose-dependent manner (60-70 min period: 10 μM, Lphn3-CO activity = −36.6% SEM ± 6.3; 150 μM, Lphn3-CO activity = −72.8% SEM ± 6.69).
Overall, Lphn3-MO larvae responded to Apo with similar trends as Lphn3-CO animals, although the effect on morphant locomotion was weaker. In the 10-20 min-period, 32.5 μM Apo decreased Lphn3-MO larval locomotion to a lesser extent than in Lphn3-CO animals (ANOVA 32.5 μM Lphn3-CO vs Lphn3-MO *p < 0.05) suggesting that Lphn3-MO are less sensitive to Apo than Lphn3-CO larvae ( Fig. 2A,B) . These observations can be extended to the 30-40 min period, where Apo also had a much smaller effect on Lphn3-MO locomotion, inducing only a slight decrease of locomotion compared to controls at 32.5 μM (ANOVA 32.5 μM Lphn3-CO vs Lphn3-MO *p < 0.05) and 100 μM (ANOVA 100 μM Lphn3-CO vs Lphn3-MO *p < 0.05). Finally, during the 60-70 min period Apo displayed a similar effect on both MO and Lphn3-CO with a significant difference observed at 65 μM (ANOVA 65 μM Lphn3-CO vs Lphn3-MO *p < 0.05). Overall, the non-specific activation of DA receptors by Apo tended to inhibit locomotion. This effect initially appeared weaker in Lphn3-MO compared to control animals suggesting hyposensitivity to the effects of DA.
D1 receptor agonists positively modulate locomotion in Lphn3.1 morphants and control larvae
Application of the D1-like agonist SKF-38393 (SKF) to Lphn3-CO larvae increased activity by 15-30% after a 10-20 min treatment at the five concentrations tested (Fig. 2C ,D and Sup table 5 for raw data). This increase was not dose-dependent. After 30-40 min of treatment, the effect of D1 activation was similar with a positive effect on locomotion.
Here again, no dose-dependent effects were observed. At 60 min postincubation, there was a decrease of up to −9.8 ± 7.6% at 1 μM, whereas at 15 μM SKF had a positive effect on locomotion (17.5 ± 10%). Thus, in control animals, stimulation of D1 receptors only increased activity in a non-dose dependent manner during the first 40 min of treatment. Application of intermediate concentrations of SKF affected lphn3.1 morphant locomotion less than control animals (Fig. 2C,D) . Long treatment, during the 60-70 min period, had a small negative effect on morphant animals. However, the morphant and control data were quite similar with no significant differences in behaviour.
Lphn3.1 morphant locomotion is less sensitive to activation of D2-like signaling
Quinpirole (Qui) selectively activates D2-like receptors and displayed a moderately negative effect on locomotion in control animals ( Fig. 2E/F and Sup table 6 for raw data). This negative effect was maintained at all time points analyzed with a stable peak of effect at 30 μM (10-20 min period 30 μM Lphn3-CO activity = −31.8 ± 8.8%; 30-40 min period 30 μM Lphn3-CO activity = −34 ± 5.9%; 60-70 min period 30 μM Lphn3-CO activity = −30.6 ± 4.84%). Qui application had a similar effect on Lphn3-MO larvae and on Lphn3-CO during the 10-20 min period ( Fig. 2E ). However, during the 30-40 min period, Qui had almost no effect on morphants, with a mild positive effect at 1 μM (24.8 ± 9.4%). The differences were significant compared to controls at all concentrations tested (ANOVA 1 μM /20 μM Lphn3-CO vs Lphn3-MO ***p < 0.001; ANOVA 5 μM Lphn3-CO vs Lphn3-MO *p < 0.05; ANOVA 30 μM/50 μM Lphn3-CO vs Lphn3-MO **p < 0.01). After a 60-70 min treatment, Qui effects on Lphn3-MO were moderate compared to Lphn3-CO, showing a small decrease in activity for the first concentration at 1 μM (−0.7 ± 3.8%) and then a small increase at 15 μM(+0.27 ± 7.04%) and 20 μM (+7.7 ± 11.5%). Compared to controls at 60-70 min there was a significant difference for 1 μM, 20 μM and 50 μM Qui (ANOVA 1 μM/ 20 μM/50 μM Lphn3-CO vs Lphn3-MO **p < 0.01). Overall, D2-like activation by Qui decreased locomotion in controls in a manner that was rapid and persistent over time, while it was virtually without effect on lphn3.1 morphants suggesting a saturating activation of D2-dependent signaling in these animals. The responses of morphant and control larvae were statistically different for the 30-40 min and 60-70 min time points.
3.3. DA receptor antagonists also differentially affect Lphn3.1 morphant and control larvae, with a generally smaller effect in morphants
Non-selective DA receptor antagonists
Haloperidol (Halo) is a non-specific broad-spectrum DA receptor antagonist which may behave as a D2-like reverse agonist in mammals. It displayed a moderate stimulatory effect on activity in control larvae at high concentrations (10 μM and 20 μM) of drug for 10-20 min ( Fig. 3 A/B and Sup table 7 for raw data). Similarly, during the 30-40 min period, a moderate stimulatory effect on locomotion was observed, although low doses (1 μM) triggered a − 14.2 ± 8.2% decrease of activity. Surprisingly, after longer application times (60-70 min period), Halo displayed a non-dose-dependent reduction of activity which was strongest at 1 μM.
Application of Halo to Lphn3-MO morphants showed a dose-dependent stimulatory effect during both the 10-20 and 30-40 min period, which was clearly stronger than in controls (Fig. 3A,B ). This observation is significant at the highest dose applied (20 μM) causing a 35.4 ± 6.3% increase during the 10-20 min period (ANOVA 20 μM Lphn3-CO vs Lphn3-MO **p < 0.01). A similar dose-dependent increase in the percentage of activity was seen 30-40 min after Halo treatment in a comparable range as observed at the early time point. There was a strong trend for this increase to be higher in morphants than in controls as the concentration of Halo increased. Finally, we observed a moderate negative effect of Halo on the activity of morphants after 60-70 min treatment. This effect was non-dose dependent and tended to be lower in morphants than in control larvae (ANOVA 20 μM Lphn3-CO vs Lphn3-MO *p < 0.05). Overall, Halo first exhibits a positive dose-dependent effect on locomotion which progressively decreases over time to reach a moderate inhibition of locomotion. This tendency is observed in both morphant and control larvae. However, the stimulatory effect of Halo is proportionally stronger in morphants and its later inhibitory effect much decreased. These data fit with the decreased sensitivity to DA observed with the DA receptor agonist Apo.
Attenuation of the effects of blocking D1-like receptors in lphn3.1 morphants
The D1-like specific antagonist SCH-23390 (SCH) exhibited a dosedependent tendency to decrease control larvae activity during the 10-20 min period (Fig. 3C,D and Sup table 8 for raw data). During the 30-40 min period, SCH decreased activity in a U-shaped dose-dependent manner with a trend for the strongest effect at 10 μM (−38.2 ± 6.5%). A similar result was obtained at 60-70 min with the strongest effect at 10 μM (−53.2 ± 3.6%). Thus, blocking D1-like receptors decreases locomotor activity in Lphn3-CO larvae, which agrees with the stimulatory effect of the D1 receptor agonist.
During the first 10 min, application of SCH on morphants had a small effect on activity (Fig. 3C,D) . At 20 μM there however a significant difference compared to the control larvae (ANOVA 20 μM Lphn3-CO vs Lphn3-MO ***p < 0.001). During the 30-40 min period, the effect on locomotion was very similar with a slight positive modulation in most cases except at high concentrations where activity was decreased. In the 30-40 min period there was a significant difference for control treated fish at 5 μM, 10 μM and 20 μM (ANOVA 5 μM /10 μM/20 μM Lphn3-CO vs Lphn3-MO ***p < 0.001). During the 60-70 min periods, SCH treatment caused a smaller decrease in locomotion in Lphn3-MO. However, at higher concentrations (30 μM) SKF stimulated morphant activity to a small extent (16.4 ± 4.6%), a significant difference compared to the same SCH concentration in controls (ANOVA 30 μM Lphn3-CO vs Lphn3-MO ***p < 0.001). Overall, Lphn3-MO appeared less sensitive to the decrease in locomotion triggered by SCH than control animals, which was statistically significant for concentrations higher than 1 μM. This effect is compatible with a desensitization of D1 receptors in morphants. The results of manipulating D1-like receptors with agonists and antagonists indicate that D1-like signaling tends to increase locomotion with some desensitization occurring overtime. Furthermore, D1-like receptors have a weaker effect on n lphn3.1 morphants than control larvae.
Blocking D2 signaling induce a dose-dependent suppression of locomotion
We next blocked D2-like signaling with Eticlopride (Etic), which resulted in a very stable dose-dependent decrease in locomotion in Lphn3-CO larvae at the three periods recorded (10-20 min /30-40 min/ 60-70 min) (Fig. 3E,F and Sup table 9 for raw data). Application of 1 μM Etic had no effect on the percentage of activity over time, whereas 20 μM Etic strongly decreased locomotion. This effect is paradoxical, since D2 agonists had a similar effect at all concentrations tested. Application of Etic to lphn3.1 morphants also induced a general dose-dependent decrease in activity (Fig. 3E,F) . However, at 30-40 min 5 μM Etic treatment had a stimulatory effect on Lphn3-MO locomotion which was significantly different from the response of Lphn3-CO control larvae (ANOVA 5 μM Lphn3-CO vs Lphn3-MO *p < 0.05). At 60-70 min, 5 μM Etic reduced the locomotion of morphants significantly less than in controls (ANOVA 5 μM Lphn3-CO vs Lphn3-MO ***p < 0.001). In summary, blocking D2-like signaling generally induced a robust dose-dependent decrease in activity that was comparable in control and morphant larvae. However, 5 μM Etic induced a moderate increase in locomotion in morphants during the first 40 min, a response significantly different from control fish. Overall, manipulation of D2-like receptors with both antagonists and agonists has a negative effect on locomotion which can be explained by a dual role for D2 receptors in the control of locomotion. Morphants were again less sensitive to D2-like manipulation than controls.
Discussion
This study investigated changes to locomotion in Lphn3-MO and Lphn3-CO animals at different time points following treatment with drugs that target DA receptors. Although the drugs used in the present paper have mainly been characterized in mammals, their pharmacological activity appears to be generally similar in zebrafish (see Table 1 ). Our data confirm that DA receptor agonists and antagonists trigger different locomotor responses in zebrafish larvae and largely agree with previous studies (Ek et al., 2016; Irons et al., 2013; Le Crom et al., 2004; Souza et al., 2011; Tran et al., 2016; Tran et al., 2015) .
Control of locomotor activity by DA signaling in the zebrafish larva
In the present report, the dominant effect of DA signaling manipulation using classical pharmacological drugs was to inhibit larval locomotion, a phenotype that primarily depends upon D2 receptors (Beaulieu and Gainetdinov, 2011) . Indeed, both the non-specific DA receptor agonist Apo and the D2-specific agonist Qui had similar effects ( Fig. 2A,B, Fig. 2E ,F, Supp. Tables 3 and 5 ). In addition, blockade of the D1-like receptor with the specific antagonist SCH-23390 increased locomotion, an observation consistent with the activation of D2-like receptors by endogenous levels of dopamine (Fig. 3C,D) .
For Apo, our results contrast with prior publications where Apo increases D1 and D2 receptor activity and induces a dose-dependent hyper-locomotion in rodents (Chow and Beck, 1984; Zarrindast and Eliassi, 1991) . However at very low doses Apo is preferentially an agonist of D2 auto-receptors, which inhibit DA release and suppress locomotor activity (Carrera et al., 2011; Dias et al., 2006) . Therefore, the dose-dependent decrease in locomotion observed in control larvae treated with Apo may be explained by the presence of both presynaptic auto-receptors and postsynaptic receptors as reported in mammals (although this has not yet been demonstrated in non-mammalian species) and by the concentration used in our study. Our data also differ from the reported increase in zebrafish locomotion after Apo treatment with a similar range of concentrations. An explanation for this difference might be that locomotion in this other study was recorded in the dark (Ek et al., 2016; Irons et al., 2013; Souza et al., 2011) .
In rodents, application of a large spectrum DA receptor antagonist such as Halo decreased activity in a dose-dependent manner (Hauber, 1990; Waddington et al., 1995) , whereas this compound had a more complex effect in zebrafish. Halo treatment produced a dose-dependent increase in locomotion at early time points, a moderate dose-dependent increase at intermediate time points and a small negative effect after A. Effect of the D1-like antagonist and D2-like reverse agonist Haloperidol on the percentage of activity. At early periods (10-20 min and 30-40 min) Haloperidol has almost no effect on control larvae, whereas at high doses it induces an increase in morphant locomotion. Lphn3-CO 1 μM n = 28, 5 μM n = 33, 10 μM n = 24, 20 μM n = 26; Lphn3-MO 1 μM n = 33, 5 μM n = 33, 10 μM n = 31, 20 μM n = 3 2. B. Heat map showing percentage activity following application of the D1-like antagonist and D2-like reverse agonist Haloperidol. C. The D1-like antagonist SCH23390 has a moderate effect on lphn3.1 morphants, whereas it has a negative effect on control animals after 30 min of recording. Lphn3-CO 1 μM n = 32, 5 μM n = 31, 10 μM n = 33, 20 μM n = 31, 30 μM n = 44; Lphn3-MO 1 μM n = 27, 5 μM n = 27, 10 μM n = 31, 20 μM n = 44, 30 μM n = 38. D. Heat map showing showing the effect of the D1-like antagonist SCH23390 on lphn3.1 morphants and control animals locomotion. E. The D2-like antagonist Eticlopride causes a dose-dependent decrease in locomotion at all the time-points measured for lphn3.1 morphants and controls. Lphn3-CO 1 μM n = 28, 5 μM n = 34, 10 μM n = 25, 20 μM n = 30; Lphn3-CO 1 μM n = 26, 5 μM n = 33, 10 μM n = 25, 20 μM n = 30. F. Heat map showing the effect of the D2-like antagonist Eticlopride on locomotion for Lphn3-MO and Lphn3-CO. All error bars are ± SEM. The statistics are the results of the two-way ANOVA followed by Bonferonni post-hoc test and represent the change in activity between Lphn3-MO and Lphn3-CO after drug application. *p < 0.05, **p < 0.01 ***p < 0.001. longer exposure. A similar effect was described in adult zebrafish treated with Halo (Tran et al., 2015) and in larvae treated with either butaclamol (another non-specific DA receptor antagonist) or Halo (Irons et al., 2013) . Despite the plausible presence of presynaptic autoreceptors in zebrafish, as suggested by our results, the sensitivity and expression of receptors remains unknown in fish and this could explain the contrasting zebrafish versus rodent data. This observation could also be explained by DA activating inhibitory and excitatory systems that control motor behavior with different sensitivity. The organization of the larval zebrafish motor system is likely to be significantly different from that of adult mammals and a one to one comparison between them may not be possible. In rodents, D2-like antagonists such as Etic mainly act on postsynaptic receptors to decrease locomotor activity (Schindler and Carmona, 2002) . Here, we obtained similar results when we applied Etic to larval zebrafish with a strong dose-dependent decrease in locomotion following treatment. A satisfactory explanation of our results would require zebrafish D2-like receptors to be characterized in more detail (Yamamoto et al., 2015) .
A second finding from this study is the stimulatory effect of D1 receptor activation on locomotor behavior in keeping with other research in zebrafish (Irons et al., 2013) . This effect is very consistent and is likely to represent an important role for dopamine in larval zebrafish motor control. Blockade of D1 receptors by SCH-23390 attenuates adult zebrafish locomotor activity (Irons et al., 2013; Tran et al., 2015) . These results are similar to rodent data, in which the selective D1-like agonist SKF has been reported to increase locomotor activity, whereas antagonists of D1-like signaling decrease locomotion (Centonze et al., 2003; Mazurski and Beninger, 1991; Molloy and Waddington, 1985) . In addition, SKF activation of the D1-like receptor tends to diminish at longer time periods and higher doses, an observation compatible with receptor desensitization. Desensitization is a characteristic of D1-like receptor subtypes which has been shown to occur in many vertebrate species including teleost fish (LeCrom et al., 2004) .
A model to explain the impaired DA signaling resulting from the abrogation of Lphn3 function
The main aim of this study was to characterize the DA signaling deficits induced by transient down-regulation of lphn3.1. Our results reveal a general hyposensitivity of lphn3.1 morphants to modulators of DA signaling. This phenomenon can be interpreted by morphants suffering from a constitutive, saturating hyperactivation of DA signaling. Application of the D1-like agonist SKF to morphants increased their activity. However, at specific concentrations Lphn3-MO larvae were hyposensitive to SKF. This hyposensitivity was further confirmed by treatment with SCH (a D1-like antagonist). SCH had no effect in morphants whereas it decreased locomotion in control animals. Overall, the activity of D1-like drugs was decreased or abolished in morphants. Activation of D2-like receptors by Qui also had no effect in Lphn3-MO animals, whereas Qui inhibited locomotion in control larvae. Finally, blocking D2-like postsynaptic receptors with Etic generally decreased the activity of Lphn3-MO larvae, but this effect was lessened or moderately opposite at low doses compared to control larvae. Thus, lphn3.1 morphants also appear to be hyposensitive to manipulation of D2-like receptors.
A scenario that could explain the responses of Lphn3-MO larvae to our pharmacological manipulations is a global increase in DA signaling. Indeed, this would strongly activate both D1-like-and D2-like receptors and might explain the hyperactivity of morphants. Within this framework, the hyposensitivity of morphants to DA-specific drugs could result from high levels of DA at the synaptic cleft, thereby increasing DA turnover and moderating the effects of agonists and antagonists through receptor desensitization. In order to investigate this, future studies could use fast-scan cyclic voltammetry to measure the release of dopamine in the brain of morphant and control animals (Jones et al., 2015) . The slight increase of activity in Lphn3-MO at low doses of Etic might be due to blockade of presynaptic D2 receptors. Therefore, high levels of DA neurotransmission might mostly act on postsynaptic receptors to induce hyperactivity. A paradox remains however, as the stronger increase of locomotion observed following Halo treatment in morphants compared to control larvae cannot be explained by our model. However, the complex effect of Halo, which antagonizes both D1-and D2-like receptors (Seeman and Ulpian, 1988) makes it difficult to interpret. Halo is generally considered to primarily inhibit presynaptic D2 receptors in keeping with its tendency to increase locomotion in control larvae. How this inhibition, which would presumably increase DA at the synapse, could result in a further increase in locomotion in morphants remains unclear.
The global increase in DA signaling suggested by our pharmacological data might be caused by several non-exclusive mechanisms in morphants. We previously demonstrated a decrease in the number of DA neurons in Lphn3-MO larvae that correlated with their hyperactivity (Lange et al., 2012); in this context, a compensatory effect by the remaining neurons is possible. In support of our hypothesis, Lphn3-null mice display significantly higher striatal DA levels than WT mice (Wallis et al., 2012) . We did not find any difference in DA levels and in DA turnover (the ratio of DA/DOPAC) by HPLC measurement in Lphn3-MO larvae (Lange et al., 2012) . However, HPLC was performed on the entire brain, meaning that local alterations of DA signaling in some brain areas may have been missed, and it will be important to measure DA levels with better spatial resolution. Alternatively, or in addition, downstream DA signaling components could be affected. The pathways downstream of DA receptors activation are complex and use PKA as the primary effector. The PKA substrates DARP-32, ERK or Akt regulate locomotion (Beaulieu and Gainetdinov, 2011) . Furthermore, the interaction between D2 and Akt is conserved in zebrafish and plays a role in larval locomotion (Souza et al., 2011) . Future studies should investigate the expression of these key intracellular signaling molecules. Finally, specific up-or down regulation of DA receptors expression may contribute to the saturating hyperactivation of DA signaling in morphants. Zebrafish possess extra copies of many DA subtypes, probably due to the teleost-specific genome duplication (Yamamoto et al., 2015) , and the exact number of receptors remain unknown. The functional significance of such receptor diversity is not clear, however the duplicated paralogous genes are maintained in many species (Yamamoto et al., 2015) suggesting that their function is probably not redundant. The expression of D1-and D2-like receptor orthologues have been reported in zebrafish (Boehmler et al., 2004 (Boehmler et al., , 2007 Yamamoto et al., 2013) , and the role of the presynaptic D2 receptors is to regulate DA release ( Van der Weide et al., 1988) . A possible absence of presynaptic D2like receptors in the morphants could contribute to the increase in DA signaling. Precise studies of the localization and expression of DA receptors in zebrafish larvae are required to further understand whether such modulations could underlie the defects observed in lphn3.1 morphants.
Conclusions
Our data confirm that DA receptor agonists and antagonists elicit different locomotor responses in zebrafish larvae with a global inhibitory effect. This overall inhibition suggests a predominant role for D2 signaling on larval locomotion as revealed by application of the nonspecific DA receptor agonist Apo and the D2-specific agonist Qui, both of which triggered a decrease in locomotion. Our results, enabled by the accessibility of zebrafish larvae to pharmacological assays, also reveal a general hyposensitivity of lphn3.1 morphants to modulators of DA signaling. This observation can be explained by a saturating hyperactivation of DA signaling in fish lacking lphn3.1 function, although the detailed mechanistic links connecting Lphn3 activity and the modulation of DA signaling remain to be established. This working model can now be further challenged by combining pharmacological studies and careful analyses of DA development and signaling in animal models lacking Latrophilin function, and should provide insights into the functional interactions between Lphn3 and DA that lead to ADHD and hyperactivity in humans.
